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Atmospheric Propagation Issues Relevant to
Optical Communications

James H. Churnside
Wave Propagation Laboratory _

National Oceanic and Atmospheric Administration
Boulder, Colorado 80303

Kamran Shaik
Jet PropulsionLaboratory

California Institute of Technology

Pasadena, California 91109

ABSTRACT. Atmospheric propagation issues relevant to space-to-ground
optical applications are studied. Propaga-communications for near-earth
tion effects, current optical communication activities, potential applica-
tions, and commtinication techniques are surveyed. It is concluded that a
direct-detection space-to-ground link using redundant receiver sites and

i, temporal encoding is likely to be employed to transmit earth-sensing sat-
: ellite data to the ground some time in the future. Low-le_'el, long-term

studies of link availability, fading statistics, and turbulence climatology
r are recommended to support this type of application.
(

1. INTRODUCTION

The transfer of information from space to the surface of the earth by means of
light is not a new idea. For thousandsof years, visual observationsof the position of
the sun, the moon, and the stars have been used to obtain information about the time

of day and the season of the year. Similar observations were used to obtain naviga-
tional information. Other observations, especially those made with magnifying optics in
the last several hundred years, have gained information about the nature of extraterres-

i trial bodies transmitted from those bodies to earth through the atmosphere at optical

! frequencies.
'_ From this body of experience (and other more casual observations), the qualitativei

' features of the space-to-earth optical communication channel are known. For exarnple,

! we know that the atmosphere can produce a significant amount of background light
! : i

+ that can interfere with an optical signal. During the day, scattered sunlight is so bright +

_* that stars cannot be seen. Even at night, a full moon is bright enough that only
brighter stars are visible, and scattered city light can have the same effect.

We also know that clouds can produce severe fades. Under thick clouds, no stars
_ are visible. Even sunlight is perceived as a diffuse illumination rather than a distinct

+: - I-
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disk. which implies that the inforrnation content of the optical signal is severely re- _
duced. Under other conditions, less severe faciescan be produced. Thin clouds or
heavy haze can obscure faint stars and blur the disk of the sun, but still allow trans-

mission of most of the optical information. This type of fade, whether severe or mod-
erate, can persist for days.

Refractive turbulence, caused by srnall-seale temperature fluctuations in the atmos-

p, ere, can also cause fading of an optical signal. This effect, observed as twinkling of
starlight, is much faster than aerosol-induced fading The area affected by each fade is

also much smaller. If the signal is averaged over a finite disk, such as the sun, moon,
or a planet, the twinkling is much less than that observed from a point source, such as
a star.

One property of the atmosphere that affects the quality of optical communication is

not readily apparent to the unaided eye, optical radiation is directly absorbed by the
atmosphere. Spectroscopic analysis of extraterrestrial sources has demonstrated that the
arnot'.nt of absorption depends on the wavelength of the light and on the composition

of the atmosphere. For many wavelengths the amount of water vapor in the atmos-
phere is particularly in_portant.

With the development of spaceflight and of the laser, the possibility of using this
channel for ground-to-space and space-to-ground commurficatiorls was recognized.
Several potential advantages were cited. The first was the enormous bandwidth. Green

light has a frequency of 600,000 GHz and even a 1% modulation bandwidth implies
incredible data transfer rates. This capability was expected to become more and more

attractive as the radio spectrum became more crowded and more regulated under in-
creasing demand for telecommunication services.

Two aspects of optical communication links were especially attractive to military
planners. One is the narrow beam width. A 10-era antenna aperture produces a
]0-prad beam. Such a narrow beam is difficult to intercept and difficult to jam. The

other is the immunity to conventional electromagnetic interference enjoyed by optical
links.

ltowever, the potential has not been realized. Requirements for data rates higher
than those that can be provided by microwave links ha-'e not been identified. Also,

spectrum crm_ding has not been a limiting factor. This may be due in part to the slit- ':

tess of fiber-optic cornmunications. Long distance telephone service, for example, is

making heavy use of fiber-optic links rather than satellite-relayed radio links. Security

of space-ground optical links has been overshadowed by laser reliability limitations. !
Early gas and ion lasers, such as HeNe, Ar+, and CO2, were built around low-pressure i
glass tubes and were not reliable enough for routine use in space. Early solid-state la-
,_ers, such as Nd:YAG and ruby, were optically purnped using flashlamps with similar
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;7" lifetime limitations. Early semiconductor diode lasers were extremely low power de-
vices.

Each of these factors is beginning to change, and several groups are beginning to
seriously consider optical communications in space. The first application will be space-

to-space relay links: more conventional technology will be used to send data to the
_. ground. In this application, the atmospheric effects can be ignored. This is a first step

toward all-optical links. Another application of interest is for satellite-to-submarine

communication, ttowever, this is a very specialized application to solve a specific prob-
lem and is unlikely to lead to widespread civilian applications.

2. ATMOSPHERIC PROPAGATION EFFECTS

The atmosphere affects optical communications in four ways. (1) Molecular absorp-
tion. Because a portion of the transmitted energy is absorbed by the atmosphere, the
energy available to the receiver is reduced. (2) Particulate scattering. A portion of the

transrnitted energy is scattered out of the field of view of the receiver, and the energy
available to the receiver is also reduced by this process. If the scatterers are dense, as
in thick clouds, multiple scattering can occur and the received pulses will be spread
temporally in addition to being redtlced in energy. (3) Refractive turbulence. The pri-

mary effect of turbulence is to produce a random modulation of the power reaching
the receiver. If the transmitted beam is very narrow, it can also reduce the average
power received by spreading the beam. (4) The scattering of background light into the
field of view of the receiver.

2.1 Molecular Absorption

The only effect of molecular absorption on an optical communication link is to re-
duce the irradiance available to the receiver. I in particular,

!,

= !o exp[-] tT,(z)dzl, (2.1)
I

0

where I is the irradiance at the receiver, !,, is the irradiance that would have been ob-

: served if there were no absorption, z is the position along the path between the trans-

miller and the receiver, L is the path length, and o,(z)is the absorption coefficient at

: position z. Note that the argument of the exponential in Eq. (2.1) is also known as op-
: tical depth or optical thickness.

i Light is absorbed when the quantun_ state of a molecule is excited from one state

i to another that has a greater electronic, vibrational, or rotational energy. The closer the
photon energy (proportional to optical frequency) is to the transition energy, the

|
- s- l

|
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greater the probability of absorption (absorption cross section). Each transition is char- ]
acterized as an absorption line whose peak frequency, width, and total cross section
must be known.

For a single, stationary molecule, the absorption cross section has the Lorentzian
line shape2

g"("') -- I(Q-w)2 r + (2.2)

where w is frequency, g2 is the center frequency of the transition, and T2 is its dura-
tion. T2 is of the order of 10 ns for an electronic transition, but it can be several or-
ders of magnitude greater for vibrational or rotational transitions. The width of these

lines is typically of the order of 10-5 nm.
4

In the atmosphere, thermal motion of molecules leads to Doppler broadening of the 1
line shape; the velocity distribution of the molecules leads to a distribution of effective 1
absorption frequencies due to timeDoppler shift. In addition, molecular collisions per- 1
turb the energy levels within molecules and lead to pressure broadening of the line

1

!shape. These processes produce a Gaussian line shape s
,1

(f_ - w)2

2 l_____/I/:(h,2hkjexpl-.a/n2 (Aw): ' (2.3)g,;(w) = All----7

where Aw is the width of the line. In the atmosphere, the Gaussian line width is gener-
ally much larger than the underlying Lorentzian width for an) transition.

Therefore, to calculate the total absorption coefficient at a particular frequency, one
must calculate the line shape factor, including temperature and pressure effects, for all
lines that are close enough in frequency to have an effect. This is combined with infor-

mation about the total absorption cross section for each transition and the abundance
of each molecular species involved to get the absorption coefficient for each transition,
and the individual coefficients are added together.

There are a number of texts on spectroscop) and catalogs of line parameters. Per-

haps timemost complete compilation pertinent to atmospheric transmission is timehigh-
resolution transmittance (HITRAN) program at the Air Force Geophysical Laboratory

(AFGL). The original report 3 lists line parameters (center frequency, line strength, air-
broadened width, lower state energy, vibrational and rotational quantum numbers, elec-
tronic state identification, and isotopic identification) for more than 100,000 lines of

the major atmospheric gases (water vapor, carbon dioxide, ozone, nitrous oxide, car- tl

1989017910-010
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bon monoxide, methane, and oxygen) between 1 IJm and 1 mm. This data base has itbeen periodically expanded and updated over the years, 4-9 and the mosl recent version

includes the transition probability, the Lorentzian line width, and the temperature de- :i_:,_::

pendence of the Gaussian line width for almost 350,000 lines of 28 gases over a spec- i_tral region frownthe ultraviolet to millimeter waves. i

I{owever, for typical optical communications, the source bandwidth and receiver
. bandwidth will be larger than the resolution bandwidth of the HITRAN calculation. A

calculation with lower spectral resolution is better matched to this application and also
requires fewer computer resources to make the calculations. Such a computer code has

also been developed by AFGL. The LOWTRAN _i- 16 codes calculate molecular absorp-

tion from 0.25-28.5 pm. The)' also calculate extinction clue to molec'dar and aerosol ,i
scattering. These codes have been used extensively, and a number of comments on :,_

their use have been published. 17-24 A typical plot of LOWTRAN6 calculated space-to- ',_
ground transmission 24 is presented in Fig. 2.1. Note that this includes the effects of i:_
nlolect, lar and aerosol scattering in addition to molecular absorption. 7_

:):

7_

f '
,!

O,li,

:<

t ,. '111
:i

i o.o
_, o.o o,_ 1.o I.S 1.O _ 3.0

it ,,

:!: Figure 2.1 - LOWTRAN6 calculation of space-to-ground transmission as a function ;_
; of wavelength. (Ref. 24) .i'

Measurements of transmission are generally of one of three types. The first type is

_ _ 'd_oratory measurement of the absorption of one particular atmospheric gas. Far too

man,' such studies have been undertaken to mention here, but a few of the classical

- 5 -
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investigations of absorption due to water vapor, 25- 27 carbon dioxide, 28- 3o ozoneJJ- 33
and xarious trace gases34-36 are listed in the references. Laboratory investigations ef

atnlospheric gases are ongoing;37-4° perhar)s the largest current effort is at the Insti-
tute of Amlospherie Optics in the U.S.S.R.4_

The second type of measurement is an absorption measurement over a long, hori-

zontal path in the open atmosphere. One of tl-,_ classic measurements was made over a

1.8-kin path.42 A typical transmittance curve from this work is presented in Fig. 2.2.
Similar measurements have been made43-49 over horizontal paths of 300 rn43 to 25

kin. 44 Comparisons of horizontal path data and LOWTRAN predictions have also been

made4S_-si and the agreement is generally pretty good.

Nearinfrared Middleinfrared Farinfrared

100 I I I I l i I I I' I I I I I

"_80-- _

_4O

0 _ I ' I
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Wavelength(/Jm)

tttttt t t tt t ,_ t t t..o ,.o co.o. ,.oco.co.I
I H20 CO2 O_ Ablorbingmolecule ]

Figure 2.2 - Atmospheric trai:srnittance for a 1.8-kin horizontal l'_athat sea level.
(McC'artney, Ref. I, copyriglll 1976. John Wiley and Sons)

The third type of atmospheric absorption measurement uses observations of the so

lar spectrum. 1"his type is probably the most closely related to space-ground communi-
cations because it is made tllrough the entire atnlosphere. A variety of measurements
from different locations, different altitudes, and different spectral regions have been

made 52"6_ Figure 2,3 is a typical solar spectral curve,

1989017910-012
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Spectral [r_diance Outside Atmosphere

i, _ Spectral lrradiance at Sea Level (m = 1)
," |

i= 1.5_ 2urve for Blackbody at 5900 K
::L

!

-_ H20

2° "

,:,

: 0.5 m

I "2°,c°2 :
I ._o,co. ._o,coa i

0 0.2 0.4 0.8 0.8 1.0 1.2 1.4 1.8 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 '.

Wavelength (p m)

Figure 2.3 - Spectral disribution curves related to the sun. The shadedareas indicate !
absorotion at sea ie_el due to the atmosl)heric constituents shown. (Ref. 67) _ _;

i :i

2.2 Particulate Scattering

,_ 2.2. ! Scattering by air molectdes ;,
, .¢p,

!_.
Since the air molecules are much smaller than the wavelength of light, this is the

_, Rayleigh scattering regime. 68 In this regime, the only effect of the scattering on a corn- _',
,;. munications link is extinction of the beam. As in the case of rnolect, lar absorption, we

have :.

L

/ = /,, expl-j'-R(z)dzl (2.4) ,:ii;i
O , ,;;

1989017910-013



......... =-'7 ...... _ ..... "_-. _= *'_'_'"_ . :.............

!

where / is the irradiance at the receiver, i,, is the irradiance that would have been ob-

served if there were no molecular scattering, and +SR(Z)is the scattering coefficient at
position '

The scattering coefficient for a gas with refractive index of #1is given by68

8_3(n 2 - 1)2
_sk = 3N_4 (2.5)

where N is the number of rnolecules of that gas per unit volume and h is the optical

wavelength. In the atmospl'lere, several gases (mainly nitrogen and oxygen) contribute,

., and ihe coefficients of each are added to obtain the final rest, It. Tabulated values for

various vertical paths are provided by Elterrnan. 6'_.7° Plots of the optical thickness of i

the molecular scattering atmosphere for paths from space to various altitude are given
in Fig. 2.4, where optical thickness is defined by

L

7,.' = jcr_(z)dz . (2.6)
(I

30 I I IIII I I I I I II

25

2oi
E
v

': 10

;ij;

?

?'<_ 0 7
:_: 10- 2 10- I
2:,,"

':,._; Opticalthickness,I'.1'

Figure 2.4 - Optical thickness of the molecular atmosphere as a function of altitude
and wavelength for a vertical path, above any given altitude. (McCartney, Ref. 68,
copyright 1983, John Wiley and Sons)

-8-
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_I_ ..... '_"_:'_""!'_ 1_i. Molecular scattering is treated in tile LOWTRAN computer codes, l_"t6

2.2.2 S<anering by huze and th#; clouds

ttaze con Nts of solid particles in the atmosphere (dust, sea salt, volcanic ash,

combustion ash, tar resin particles, etc.). It is deposited into the atmosphere by
_. micrometeors, volcanic eruptions, industrial operations, forest fires, growing forests,

and the winds. Generally, atmospheric haze particles are between 0.01 and 10 prn. Un-
_: der all but the most extreme conditions encountered in the atmosphere, very few scat-

i tered photons will reach the receiver, anti the effect of haze is a linear extinction so
_ that

L

/ = /,, exp[- _rM(z)dzI . (2.7) :_

ii,)
where I,, includes the effects of molecular scattering and absorption, and _rMis the Mie

! scattering extinction coefficient.7_

: For our pt, rposes, we define thin clouds as those for which Eq. (2.7) is valid. Thin :_
_ cirrus and very light fogs generally fall into this category. As a rule of thumb, if the _.
:_: disk of the sun or moon can be seen, Eq. ('2.7) will be a very close approximation. • _,_

i!
The calculation of the Mie scattering coefficient is more difficult than that of the

Rayleigh coefficient. 71 Because of the importance of Mie scattering to many areas of _._i
optics, many t_lbles of numerically calculated values have been published. In Refs. 72
through 81. tables of the scattering coefficient and angular scattering function for vari- !

ous atmospheric particles are presented. The qtmntity of interest here, the scattering i_

coefficient is the integral over all angles of the angular scattering function. The Mie ;i

type of scattering calculation assumes spherical particles, but although water droplets .
i are Sl._herical, ice crystals and many types of dust particles are not. Thus, Mie calcula-

tions may have difficulty describing the angular distribution and polarization properties

of the scattered light for certain am_ospheric aerosols, However, they provide a very
t

i':! gootl Ol_l_roximution to the total extinction coefficient.

_ At any height in the atmosphere, the Iotal extinction coefficient can be found by

!_ integrating the coefficient for each type of particle over the distribution of p'u'ticle,_.
Two particle size distribution forms have been suggested. These are the exponen-
italY.. ,q4distribution

n(r) = ur¢*exp(-br )') (2.8)

.... i IIIII II ' II I i
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: where a, b, or, and )' are positive constants and n is the number density of particles of

_' radius r, and the power law85'a7

n(r) = cr-" (2.9)

where c and v are positive constants. Measurements tend to support the power-law dis-
tribution,a5, aT-93 with an exponent v of 3 to 4.

Vertical distributions of aerosol density have been obtained using a number of tech-
niclues. One technique uses direct sarnpling by an airborne instrument. 9_'94-99 Another

uses scattered light from searchlights m°- m4 or lidar t°s- _11 to obtain aerosol profiles.

Analysis of scattered sunlight has also been used to infer aerosol profiles. _2- _9

Long-path measurements of the attenuation coefficient due to aerosols in the at-

mosphere have been made by a number of authors. 42' _20-_23 Typical attenuation coef-
ficients for horizontal propagation at sea level are given in Fig. 2.5 for a variety of at-
mospheric conditions. Although the attenuation coefficient at sea level can be rather
high, as the figure shows, it drops off quickly with altitude, as shown in Fig. 2.6. The

results of vertical propagation measurements 5s- 60,_2-_9 support this type of decrease

in attenuation with altitude. Several vertical profiles of aerosol distributions, typical of
different geographical regions and seasons, have been included in the LOWFRAN
codes, j_ - _6 Therefore, these codes include a reasonable approximation of attenuation
due to haze.

2.2.3 Scattering by thick ciouds and fog

This type of scattering has several effects relevant to optical communications. First,

the direct (unscattered) beana can be very strongly attenuated. Table 2.1 presents typi-
cal parameters for the various types of cloud and fog. The total vertical attenuation of
the direct beam can be more than 1000 dB! These values are calculated from meas-

ured cloud thickness and drop distribution values and are not measured values. Indeed,

measurernent of a 1000 dB attenuation would be exceedingly difficult. However, labo-
ratory=Z7- _3_ and field za2- _3s tend to support these levels of attenuation. More than
100 dB has been observed for cumulus clouds. 132

Although the direct beam is very highly attenuated, some of the original laser en.
ergy is available to the receiver in the form of multiple scattered light. This can be

used for communications, but it has several disadvantages. First, the scattered light is
depolarized, _s and polarization coding of the signal cannot be used.

i -t0- i
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Fi_tore2.5 - Approximatevariationof attenuationcoefficientswith wavelengthat _ea
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. 1 I I I I I
0 5 10 15 20 25 30 35

Altitude(km)

Figure 2.6 - Vertical distributionof attenuationcoefficient for New Mexico aerosol(Ref. 125)
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Table 2.1. Typical ranges of values for cloud parameters 126

_: Cloud Cloud base Cloud Scattering I" in Scattering Total
i:, '. type height thickness (kin-I) vertical (dB/km) vemcai
_ (km) (km) direction attenuation
i (dB)

,;_ .

i; Stratus 0,1-0.7 0.2-0.8 30-100 6-80 130-435 26-350 i

Stratocumulus 0.6-1.5 0.2-0.8 3-30 0.6-24 13-130 3-100
'i
, Nimbostratus 0.1-1 i0 2-3 30-100 60-300 130-435 2660-1300

: Altostratus/ 2-6 0.2-2 10-30 2-60 43-130 9-260

__ Cumulus i

, Cumulus 0.5-1.0 0.5-5 10-40 5-200 43-170 22-870

Cumulonimbus 0.5-1.0 2-12 30-100 60-1200 130-435 260-5200 !i
_ Cirriform 6-10 1.0-2.5 0.3-1.4 0.3-3.5 1-6 1-15

!._, (,Ice) :!Fog 0 0-0.15 0.1-20 0-3 0.4-87 0-13 _!_

In addition, as light diffuses through the cloud by multiple scattering, the scattered

beam becomes very broad and the scattered pulse is spread in time. This implies that
the receiver must have a wide field of view, which greatly increases the background
noise, in order to collect enough signal power. It also implies that the data rate must

be low enough to prevent intersymbol interference due to the pulse spreading. These

i two effects are related; the widest-angle-light reaching the receiver tends to have expe-
:_ rienced the longest time delay. Therefore, one can allow higher data rates by restrict-
;: ing the field-of-view of the receiver, but the signal level is reduced dramatically. The

,,, pulse shape is generally approximated by the function _36
!

i l(t) At exp(-at) (2 10)

_: where / is the received irradiance, t is tirne, and A and ot are condition-dependent pa.
rameters. Pulse widths of 0.1 Its to as long as 20 ,us are common in field experi-

I t32,_35-z3snlents.

,} The effects of thick clouds are probably too severe to allmv operation of high-data-

_ rate optical communications. For this reason, the most importtmt parameter for thick

-13- L
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clouds is the probability of occt,'rence, which translates into link availability. This in-
forrnation can be inferred for the United Stales and for U.S. possessionsand some

military bases fi'om the Surface Airways Observations data base.13_This data base in-

cludes hourly averages (three-hourly from 196.':;-1981)of ceiling height, I'lorizontal visi-
bility, weather type. total opaque sky cover, and total opaque sky cover. Since the re-
cords (:latefrom 1948, the statistical uncertainties in measured probabilities should be
small.

2.3 Refractive Turbulence

Turbulence in the clear air produces randorn fluctuations in the temperature of the

air. These srnall (0.1 to 1 K) fluctuations produce correspondingly small (0.1 to 1
ppm) fluctuations in the refractive index of the air. Although the deviation of the re-
fractive index at any point in space and time is small, a laser beam will typically
propagate through a large number of refi'active index inhomogeneities, and the eumula-

live effect can be quite large. These inhomogeneities produce distortions of the optical
phase front, which can also lead to beam wandering, beam spreading, pulse spreading,

depolarization, and sci'ntillation or intensity fluctuations. Although some of the other
effects are discussed here, it is scintillation that will have the greatest effect on practi-
cal communication links.

_ The statistics of the refractive index fluctuations are best described by the refractive '_

index structure function, defined by

D,,(r) -- < bl(r,) -n(,'2)]2> (2.11)

where n is the refractive index, r is the separation between the two points r_ and r2
and the angle brackets denote an ensemble average. Under typical conditions, turbu-
lence will be nearly isotropic, and

D,,(r) ---. 0 for r < I,,

D,(r) = C_ r 2/3 for/,, < r < /.,, (2.12)

D,,(r) -- C_Lg/3 for L,, < r

where r is the rnagrfitude of the separation. I,, is the inner scale of turbulence (tyr_ically
1 to 10 rnrn), L,, is the outer scale of turbulence (typically 1 to 100 m), and C2 is the

slructure parameter of turbulence and is a measure of the strength of refractive turbu-
lence.
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A number of measurements of the vertical profile of turbulence have been made.

i" Techniques used include in situ sensors on aircraft 14°'_4t and balloons, ]42' ]43 acoustic

: sounding,_44-J52radar sounding,152-162and optical scintillation techniques.163-175
, From data like these, the following model for C2 has been developed: 176

C.: = {[(2.2 x lO-53)h]°(W/27)2[e -h/m_° + lO-16e-h/1500}exp[s(h,t)l, (2.13)

where/1 is the height in meters above sea level. The model is valid for 3 km< h < 24

kin. The variable s is a zero-mean, homogeneous, Gaussian random variable with a
: covariance function given by

< s(h + hi, t + r)s(h, t) > = A(hi/lOO)e -r/5 + A(h_/2OOO)e-t/8° , (2.14)

where

1-1/,/LI, Ihl < t
A(h/L) = (2.15)

0 otherwise :i_

(The interval r is measured in minutes.) From (2.14). it follows that <r2> = 2 and
:!i!

< exp(s)> = e ----2.7. These numbers may be substituted into (2.13), after the ex- :i_
pected value <C2> is found, to determine the behavior of the meaa profile. Finally, the ?

function W in (2.13) is defined by

20 km :_

= 1(1/15kin) I v2(h)d/,I (2.16)W

5 kra

where v is the wind speedat height h. To extend this model down to local ground
level, we should add the surface layer C_dependence, z-4/3 during the day and z-2/3
at night.

The depolarization by refractive turbulence has been calculated. _77' 17aUnder fairly
severe turbulence conditions, the depolarized power was calculated to be -160 dB of

the polarized power. A measurement with -45 dB of sensitivity failed to detect any de.
polarization. _TaTherefore, depolarization effects can be neglected in optical communi-
cation link analyses.

The pulse spreading due to turbulence has also been calculated. _79-_a2Typical cal-
culated values range fi'om 0.001 ps 179 tO 1 ps, 1_2 corresponding to coherence
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bandwidths of 10 3 GHz to 10 6 GHz. A coherence bandwidth of 77,000 GHz has been

measured for the space-to-ground path using stellar source. _83Therefore, pulse-
spreading effects of the turbulent atmosphere can safely be neglected.

Distortions of the transmitted or received phase front produce a number of effects.

These are most easily discussed in terms of the transverse correlation length of the i
field g,,.la4-isa For a point source in space propagating to the ground, we have i

f

L

6_,,= 12.91k2 secflfdh C2n(h)1-3/5 (2.t7)
o

where k is the optical wavenumber, 13is the zenith angle of the propagation path, h is
the height above the ground, and L is the altitude of the receiver. In other work, the

quantity r,, has been used, where r<, = 2.1 _?o.ira-t92 This finite correlation of the fiekl
has several effects. Increasing the diameter of an optical heterodyne antenna on the
ground beyond g<,will not increase its signal-to-noise ratio. The beam width of

ground-to-space beam ean be no narrower than the diffraetion limit of a r¢,-size aper-
ture. The field-of-view of a space-to-ground-link receiver must also be at least 2.44

2/r,, to receive all the available signal energy. For visible light, r,, is typically of the

order of 10 era, 1_4'n,_2.1<_3and only heterodyne communications from space to ground
will be seriously affeeted. Bearnwidths and fields of view down to about 10 IJrad can

be used. Note that if angle-of-arrival fluctuations are eliminated by the tracking sys-
tem, r,, can be replaeed by a value about 3.4 times as large in these limits.

For propagation in the other direetion,

1,

g_, = L 12.91 k2 secal3flfdh C2n(h)hS/31 -5/5
o

10 km
_- _ see/_t_o (2.18)L

which implies that optical heterodyne receivers for ground-to-space links can be very
large, direct detection receivers for ground-to-space links can have very narrow fields-
of-view, and space-to-ground beams can be very narrow.

Therefore, for direct detection, the only significant effect of atmospheric turbulence

is scintillation, or intensity fluctuations. As long as the coherence length ¢j,, is greater
than the Fresnel zone size [(2ho secfl) W2 where h,,, the effective height of the atmos.

phere, is about 10 km[, these fluctuations will have a Iognormal probability density
function_O4

-16-
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1
: 1 1 (2.t9)
!i_ p(I) = _ exp l- 2t_,,, (/hi + 1/2

il,
'_i: where / is the irradiance at a point and t_; is the variance of the logarithm of irra-
i! diance. Under conditions of high turbulence levels and/or low elevation angles, _o will

_== not be greater than the Fresnel zone, and saturation effects become apparent in the
scintillation. In the saturation regime, the point irradiance fluctuations are not Iognor-

i: ii.tal.t94, tgs Many attempt to describe the probability density function of irradiance in 1
this regime, v_6-2t° One of the more successful of these attempts is described in Refs. t:ii,_. 207-210. It predicts that the total power collected by an aperture will be Iognormally

_i! distributed as long as that aperture is larger than a Fresnel zone, and data 2°9 support
4:_j this prediction. Since direct detection optical communication links will probably use re- i_
!: ceivers larger than a Fresnel zone, the Iognormal distribution can be used for signal ,_
_ fading statistics.

_, For the uplink, go will generally be larger than a Fresnel zone and the Iog-irra-

diance variance (.spherical wave) is given by the Rytov expression 211 i_!

L ';

f :t_,l = 0.56 k7/6 sec It/6fl dh C_(h)hs/6 . (2.20) ::
o ;

A typical value would probably be of the order of 0.l for near-zenith propagation. The
variance of the actual irradiance fluctuations is given by

j_

t_ = exp(_,l)- I (2.21)

for the Iognormal distribution.

For the downlink, the Rytov variance (plane wave), is given byTM

L

t_,_ ; 2.24 k_/_sec __/_¢1f dh C_(h)hVr' . (2.22)
0

The actual Iog-irradiance variance will be below this value when this value exceeds 1

and, in fact, will never be much larger than about 1.5, owing to the effects of satura.

tion. This saturation phenomenonhas been extensively studied. 2t_-_6 Figure 2.7 is a

i plot of Iog-irradiance data. The space-to-ground propagation geometry is approxi-
! mated by the plane wave case in the figure. Note that these results assume a small re-
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ceiver aperture. For a communications reeeiver, the aperture is likely to be larger than

a Fre_nel zone and the Iog-.irradiance variance will be significantly reduced by the ap-

erture averaging el'feet. 21_-2;° For unsaturated scintilidt;ons, the variance will be ap-

proximately the Rytov variance times the square of the ratio of the Fresnel zone size

to the aperture diameter.

*.,.J 4 r l v

.

q oo 12 16

PREOICI'ED lOG-INTENSITY VARIANCE

Figure 2.7 - Measured v_. predicted (Rytov) long-intensity variance for spherical
wave (1), plane wave (2), and white light (3). (Refs. 211, 217)

2.4 Background Light

The effect of background light is to add noise to direet detection systems. In optical

heterodyne links, the local oscillator field will be made mueh stronger than any back-

ground source, and background light has no effect. However, in direct detection sys-

tems. shot noise from background radiation can be a significant source of noise. The

power spectral density of shot noise is given by

N = 2_le2P (2.23)
hi,

where q is the quantum efficiency of the detector, e is the electronic charge. P is the

total optical power on the detector, h is the Planck constant, and v the angular fre-

quency of the light. Clearly. the signal-to-noise ratio, and hence bit-error rate, will be

unacceptable if the amount of background light reaching the detector is too large.

Sources of back_,round light include direct, reflected, and scattered sunlight: ther-

mal emission from the earth, atmosphere, moon, and planets; starlight; zodiacal light;

auroral displays; direct, reflected, and scattered artificial light; bioluminescence; light-

-18-
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..... ning; and meteor trails, However, some generalizations can be made. For the visible
:_ and near-infrared portions of the spectrum, sunlight will be the dominant background
_! source during the day. Assurning that care is taken to ensure that the sun is never in

the field of view of the receiver, the sunlight reflected from the earth will be the major

!;_, contributor to the background for an uplink, and the sunlight scattered from the atmos-'i!.

phere will be the major contributor for a downlink. At nignt, moonlight, starlight, or

_i artificial light may be the dominant source. Whichever it is, it will almost certainly be
_: below daytime levels. Farther into the infrared, thermal emission of the earth or of the

i!!: atmosphere will be the dominant background source day or night.
i'

_

_: A general picture of the background sources important for a downlink operating
i_:i" during the day can be obtained from Fig. 2.8. This presents the spectral irradiance of

_ the background light in units of microwatts of optical power per square centimeter of i!collector aperture area per steradian of receiver field of view per micrometer of re- !!_
i_ ceiver optical bandwidth for the direct sun, a sunlit cloud, clear-sky-scattered sunlight, i_
_,_
,_ and an atmosphere at a temperature of 300 K. Note that the direct sun is so bright _

}i! that one wou!d take care that it not be within the receiver field-of-view. Also, the
:: presence of clouds has such a devastating effect on the operation of the link that corn- _!_

_ munication through clouds is unlikely. Therefore, the sunlit cloud is unlikely to be an :_
;' important background source for the uplink.

The intensity and polarization of scattered sunlight in the clear sky depend on a _

number of factors, including wavelength, position of the sun, direction of observation, _!
and aerosol content of the atmosphere. Various effects and combinations of effects i'
have been considered in the literature. References 221-238 are a re,:,resentative sample :!, i_

of these studies; the list is by no means exhaustive. The thermal emission power also _t}
depends on a number of factors, including wavelength, atmospheric tempera'iure, and :_

direction of observation. A representative list of studies of this background source is ,:!!

provided in Refs. 221, 239-247.

For the uplink case, the earth in the vicinity of the transmitter is the background,

i and extensive measurements of background levels have been made by earth-im,,gi0,g

satellites. The Coastal Zone Color Scanner on Nimbus-7 observes the ocean at 443i_ nm, 520 nm, 550 nm, 670 nm, 750 nm, and I1.5 pro. 24a- 252The NOAA satellites

i have global coverage in the visible (0.58 to 0.68 _tm), near infrared (0.73 to 1.10 pm),
t mid-infrared (3.55 to 3.93 p.m), and thermal infrared 110.5 to 11.3 _tm and 11.5 to

I _ 12.5 pm) spectral regions. 253-25_ Global coverage with continuous spectral coverage is
provided by the Landsat series. 2_-2_°

i, [
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3. SURVEY OF OPTICAL COMMUNICATION ACTIVITIES
r.,.

Details of the first atmospheric optical communication systems are lost in
prerecorded history. Certainly, visual observation of hand motions, beacon fires, and

othe:" signaling devices was used for communication very early in the development of
": civilization.

in 1880, Alexander Graham Bell transmitted speech through the atmosphere using

reflected stmlight. 26_ This was probably the earliest system that did not rely on the hu-
man visual system, with its low frequency response, as a receiver. Shortly thereafter

systems were developed that used artificial light sources instead of reflected sunlight.
The major applications for these systems were military. They were used by both sides

in World Wars i and !1.262 More recently, very similar systems, using light-emitting di-i
i odes or semiconductor diode lasers, have been used for communications. These sys-
i terns tend to operate over very short ranges (typically of the order of 1 km or less). It _

i is generally understood that the link will not be available during severe weather (e.g., _
snow). _'_:!,_

The history of space-to-ground optical communications is much shorter. However, i_
a number of experiments have been performed or planned (Sec. 3.2). In addition, _
there have been a number of theoretical studies relevant to optical communication in

the atmosphere (Sec. 3.1). :;_ =

3.1 Theoretical Studies _ ,_

The general principles of optical communication are well known and have been the _

subject of books by Ross, 263 Pratt, 264 Gagliardi and Karp, 265 Kaszovsky, z66 and others.
These treatments include background effects. They are also valid in the presence of '_

molecular absorption and scattering and of scattering by haze and thin clouds. These ii
processes have little effect beyond a reduction of the signal power reaching the detec- :_
tor. Fog and thick clouds do have some effect on the type of receiver one might use, _'_
but turbulence has a much larger effect and most of the theoretical studies have inves- i
tigated receiver structures and performance in the presence of turbulence. :,i;._

.' _,-_

Receiver structure and performance have been evaluated for systerns that use scat- _
!

tcred light to communicate over the horizon 267 and also for the more general scatter _!
channel that includes space-to-ground communication through clouds. '_s The major ;:;

difference between the scattering channel and other channels through the atmosphere is ,;i_.:
the strong dependence, in the former, of performance on receiver field-of-view. Much ,,

of the signal energy is not collected by a receiver with a very narrow field-of-view. If ,:_:_,
i the field-of-view is expanded more energy is collected and the signal-to-noise ratio :!_!

t improves. However, pulse spreading increases with increasing field-of-view, and this _";_
t_

- 2 i - :_
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can cause intersymbol interference and performance degration. Therefore, a tradeoff

exists between signal-to-noise ratio and intersymbol interference.
i
1

The effects of intersyrnbol interference can be partially mitigated by signal process-

ing within the receiver. A great deal of work has been done on this technique, called
equalization, for non-optical commt,nication channels.269-271Typically a tapped-delay-

line filter is used on the receiver signal. A similar manipulation of received ,s
photocounts can be applied to an optical communication system that counts photons at

the receiver. This problem, typical of a wide-field-of-view photon-counting receiver

for a communication link through clouds, has been addressed by several l
authors.272 - 275 I

More theoretical work has been done on receiver structures anti performance for
propagation through refractive turbulence. The effects of turbulence on the binary eom-

nlunieation channel for heterodyne detection were examined by Fried and
Schmeltzer 276 and by Heidbreder and Mitcllell. 277 From the results, it became apparent
that spatial diversity techniques could be very useful in overcoming some of the delete-

rious effects of turbulence. Kenned)' and Hoversten 278 presented the structures and er-
ror bounds for M-ary orthogonal signaling and heterodyne detection for fading on mul-

tiple, independent paths. Halme 279 extended those results to arbitrary correlatiorl of the
paths. Churnside and Mclntyre 28° considered the same problem with a more realistic

_;_' model for the faclin_ statistics.

The clirect detection case has also been studied. Peters anti Arguello TM considered

a single channel and polarization modulation, assuming no back- ground radiation or ,
<: dark current. Solimeno et al. 282 corlsidered orl-off signaling with a single detector.

Back_rourld noise was considered, but in an unrealistic rnanner. Spatial diversity results

for intlependent direct detection channels were presented by Hoversten et al.279 These
results were extended to include correlation of the fading by Teich and Rosen-

berg.28a-2_5 Webb arid Marino 2s6 returrled to the sirigle-cl'iannel case arid performed a
more careful analysis. Churnside and Mclntyre 287 developed a more sophisticated re-

_i,i_ii_,_ ceiver structure making use of spatial diversity.

'_ "_ An example of the results of a receiver performance calculation for a photon- ,
!':_...... counting receiver is presented in Fig. 3.1. This is a plot of the bit-error-rate, or error

probability P(E) as a function of the average number of signal photons received per

channel when a 1 was sent for on-off signaling. This case assumes four independent
channels and an average of one background or dark current photocount per channel.

' The fluctuations in the signal power at each channel are assumed to be Iognormal,

i:•':"i_';_ri_ii_/,'@'_ with a log-intensity variance of 0.25. Curve 1 represerlts tl'le maximum a posteriori re.
:f,i:_:, ceiver structl.ire. 2a:3Curve 2 represents an approximation to the optimum fixed maxi-

"i_: nltlrrl likelihood receiver structure. 2s3 Curve 3 represents arl averaged threshold adap-

i - 22- /
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r-!L....................................tire receiver structure. 2s/ Curve 0 represents the performance that could be obtained in

the absence of turbulence; the deleterious effects of turbulence are clear. The differ-
ence that receiver structure can have on performance is also clear.
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Figure 3.1 - Bit error rate P(E) as a function of the number of signal photons per bit
interval for a four-channel receiver in the atmosphere. The curves represent four dif-

_; ferent receiver structures. (Ref. 287)

To our knowledge, tl_ere are no significant efforts in the theory of optical propaga.
tion through the atmosphere at the present time. The work on probability density func-
tions in (Sec. 2.3) is very pertinent to this issue, however. The direct detection theories

all assume a Iognormal probability density function, if a consensus emerg.es on a more

precise description of probability density function, it would be useful to repeat this
type of receiver structure and performance study using the new density function in
place of the Iognormal.
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3.2 Experimental Programs 1

J
To tile best of our knowledge, there has been only one test of space-to- ground

optical communications, and it was a faihnre.2a2 The transmitter, designated GT-7, was
developed by RCA. This device measured 7.5 x 13 x 20 cm, weighed 2.35 kg, and was
designed for hand-held operation by an astronaut. |t consisted of four semiconductor

diode lasers with a combined peak power of 24 W into 3 mrad. It was capable of
transmitting a 100 Hz acquisition tone and an 8-kHz voice channel. It was carried into
earth orbit on Gemini Vll in ]967. Three ground stations were eaeh equipped with a i
receiving telescope and an argon ion laser beacon. The astronauts sighted the beacon
at Kauai. Hawaii. on December ! 1, 1967, and timeone at White Sands Missile Range
on December 12. 1967, but no signals were received by either ground station. The bea-
con was visible for only a few minutes each orbit, and this was not enough time to
find and lock onto the receiver station with the hand-held GT-7.

The Air Force Space Laser Communications (LASERCOM) Program started with
system concept and component design in timeearly 1970's at the Air Force Avionics

Laboratory. 2as The initial objective was to test a 1-gigabit/s space-to-ground link with

a bit error rate of <10 6 using a Nd:YAG laser transmitter. McDonnell Douglas Astro-
nautics was chosen as the primary contractor. The program was transferred to the Air

Force Space and Missile Systerns Organization (now Space Division) in 1975, and a
space demonstration was scheduled for a 1979 launch but was canceled because of

budgetary cuts at the DoD level. A smaller, aircraft-to-ground demonstration was

scheduled for 1980 at White Sands Missile Range, New Mexico.

The laser transmitter for this experiment used a K:Rb-lamp-pumped, mode-
locked, frequency-doubled (to 0.53 lain wavelength) Nd:YAG laser :aa, 289This device

demonstrated 330 mW of power at 5 x !08 pulses per second, with a pulse width of

400 picoseconds. An external TiTa03 electro-optic modulator was used to produce a
combination of binary pulse position and pulse polarization modulation to obtain two

bits of information per pulse. The transmitter used a 20-cm-diameter telescope with a
beamwidth of 5 larad. The ground receiver used a 60-cm-diameter telescope with a

field-of-view of 100 lurad. The detectors were dynamic crossed-field photomultipliers,
which were followed by receiver electronics to resolve the time delay and polarization
of the incorning pulses. 3"he experiment also used a 1.06-pro laser uplink for com-

mand and control communications to the transmitter and for use as a tracking beacon
by the transmitter.

Unlike the Gemini VII experiment, the LASERCOM experiment was a complete
success. The system even continued to operate through some clouds, despite the fact

i that it was designed as a clear air system. 2m_No further work on space-to-ground opti-
cal communications was done under tt_e program. However, this work was used as a

i - 24 -
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i
basis for an operational space-to-space link. in the future, satellites of the Defense !
Satellite Program (DSP) will transfer data through a 1.2 megabit/s crosslink. This link ill
will use a GaA/As-diode-laser-purnped Nd:YAG laser operating at 1.06 _m, pulse-po-
sition modulation, and 8-inch-diameter telescopes. The development of diode-laser-

pumped Nd:YAG lasers z_n-2_6 has produced a much more attractive laser transmitter
than the original flashlamp-pumped lasers. Tile former are smaller, lighter, more effi-
cient, and mt,ch more reliable than the latter.

The European Space Agency (ESA) has had a number of activities in the area of
optical communications for space applications since |977. 297 It is interested in inter-
satellite links for commercial voice, television, and data transmission between two

geostationary satellites arid in inter-orbit links for data transmission from a IGw-earth-

orbiting satellite to a geostationary data relay satellite.

ESA programs include research into the basic technology for CO2 laser sys-

tems 2_s-30t Nd:YAG laser systems, 3°2 and diode laser systems. 3°3- 308 ESA also has a
Payload and Spacecraft Demonstration and Experiment Programme (PSDE) to perform
various telecommunication experiments in space. Although the final configuration of

the PSDE has not been determined, one similar to that of Fig. 3.2 seems likely. It con-
sists of two PSDE spacecraft, with optical terminals, in geostationary orbit and an opti-

cal terminal aboard a Iow-earth-obiting satellite, such as the French SPOT 4. Note
that space-to- ground optical communications are included in tills scenario. The first
of the PSDE satellites is scheduled to be launched in ='hid-1992. The optical communi-

cation system will be a diode laser system similar to the following: 297 "The radiation

of four single-mode GaAIAs laser diodes emitting around 850 nm is multiplexed to
accommodate the transmission of four 120-megabit/s channels. This Wavelength Divi-
sion Multiplexing technique is used to circumvent the laser output power limitation of

today's available laser diodes in order to provide a return-link capacity of 500 mega-
bit/s with moderate antenna diameters. Each laser diode is on-off keyed in the NRZ-

or 4-PPM format by injection current modulation. The assumed average output power
of each laser diode is 50 roW. The direct-detection receiver consists of four APD's,

one for each channel. For the acquisition, a powerful laser diode array beacon sent
from the GEO terrninal will be used with a CCD matrix as acquisition sensor. For

tracking, some 10% of the received power is directed to a monopulse tracking detector
in form of a quadrant avalanche photodiode or, as recently suggested, in form of a
subarray of the acquisition CCD matrix. The telescopes are of the Cassegrain type,

with a gimbal as course pointing element. The diameters of the telescopes have been
determined to be 35 cm on DRS and 20 cm on LEO, respectively."

\ -2s- |
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Figure. 3.2 - Possible configuration of the ESA Payload and Spacecraft Demonstra-
tion and Experiment Programme. (Ref. 2977 ,

The ATR Optical and Radio Communications Research Laboratories of Japan are
also working on optical intersatellite links.3°9These laboratories, founded in 1986, are

. working on technology development of diode lasers, detectors, optical integrated cir-
cuits, filters, modulation/demodulation schemes, and tracking systems. An experimental

optical communication subsystern is also under consideration as one of the payloads
for the Japanese Engineering Test Satellite VI scheduled for a 1992 launch. In another

program, optical communications are expected to be a major experimental item aboard

a large satellite that is to be assembled at a space station and put into geostationary
orbit in 1996. Although the eventual application of this technology is expected to be
space-to-space links, early tests are likely to be between one space terminal and a

ground station, and space-to-ground communications will necessarily be investigated.

The NASA Advanced Communications Technology Satellite was also to have car-

ried an optical communication terminal in geostationary orbit• Two different experi-
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mental systems were to have used a comrnon telescope. The first was the Air Force
Laser Intersatelliie Transnii._sion Experiment, which was a coherent chode-laser trans-
milter operating, at 220 megabits/s. The second was the NASA Direct Detection Laser
Transceiver, a direct detection diode-laser tlansmitter and receiver package. Initial op-

eration of these systems was to have been between geostationary orbit and the ground.
A low earth-orbiting satellite was to have been launched later to allow experiments on

inter-orbital links. The entire optical communication program has been canceled be-
cause of budgetary lirnitations.

Finally, we briefly mention the Navy's satellite-to-submarine eommunication pro-

gram. The ocean is virtually opaque to electromagnetic waves except for extremely-
low-frequency waves and blue-green light. For this reason, the Navy is interested in

satellite-to-submarine communications using blue-green lasers. 31°-3_ Low data rates
are envisioned, but a high link availability is required. Most of the work to date has

been on component technology development. A laser source at the frequency of mini- |
murn oceanic absorption that is also suitable for space deployment is one area of ac-

tive investigation. Another is a receiver filter that has a narrow optical passband but a
wide field-of-view. However. these investigations are narrowly focused on the specific
problem, and are unlikely to contribute significantly to nonmilitary applications.

4. OPTICAL COMMUNICATION APPLICATIONS

The interest in coherent optical communications follows a dominant trend in com-
munication systems researcll. Communication systems with higher carrier frequencies

are inherently capable of operating at higher antenna gain and modulation bandwidth.

Optical frequencies (-10 _4 Hz) are several orders of magnitude higher than the operat-
ing carrier frequencies of the conventional radio frequency (RF) communication sys-

tems (-10 <_I-lz) in use today. The promise of large antenna gain and enormous modu-
lation bandwidth, which become available at optical frequencies, provides the basic

reason for the compelling interest shown by cornmercial, civilian, and military estab-
lishments in the development of a coherent optical communication system.

For similar modulation depths, the gain in the available bandwidth will be about

104-fold for optical cornmunication systems. Also, for a given transmitter antenna size,

the angular beamwidth is inversely proportional to the carrier freq;lency and the spatial
power density at the receiver. Tl'tis irnplies, for example, that the poxver density at the

receiving aperture will be 10_ times larger for an optical system ,x;th a 0.1-m antenna

operating at 10=4Hz than for a system with 10-m antenna operating at 10_ Hz. Opti-
cal systems with bit rates higher than 1 gigabit/s without multiplexing have been

achieved; with various types of multiplexing, a 105 gigabit/s data rate is possible. 3_2

Optical systems also promise to be smaller in size and weight and have lower

i power consunlption, cornpared with RF systerns having similar performance character-
- 27 -
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istics. A decrease in the equipment size is very desirable because it will result in lower |
costs for putting communication satellites in space, in the case of other space missions, lthe advantage of size and weight will leave more room for scientific payloads and al-
low for more flexibility in spacecraft design.

Since optical transmitters experience relatively much lower diffractive spreading,
optical communications provide excellent means for the design of secure systems with
low probability of intercept and intentional or unintentional jamming. Tight laser beams

also provide extensive opportunities for frequency reuse.

In short, laser communication technology has the potential to provide (1) an enor-

mous data bandwidth for significantly improved channel performance, (2) a significant
advantage in weight, size, and power consumption over RF systems, and (3) non-inter-
acting multiple access link geometries that are amenable to extensive frequency reuse,

and (4) secure systems with low probability of interception and jamming.

The commercial interest in laser communications is focused on the development of
a high-quality multiplexed voice, video, and data transmission network. A network of

satellites and ground stations is envisioned to move information efficiently on a global
scale. However, there is strong competition from the relatively mature fiber optic com-

munication technology. And has forced the cornmercial sector to lose some of its en-
thusiasm for the development of a global satellite communication network.

The civilian interests are based on the need to develop high throughput real-time

data transfer mechanisms for remote sensing or earth resource satellites in low earth

orbits. The data from low earth-orbiting satellites will, perhaps, be first transmitted to
strategically placed geosynchronous satellites for subsequent transfer to appropriate
ground station. Other applications include communication links to science probes in
deep space for planetary and extra-planetary exploration.

(
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5. OPTICAL COMMUNICATIONS IN THE ATMOSPHERE

i The atmospheric channel for optical communication is characterized by (1) attenu-

i ation due to scattering and absorption by rnolecules and other particulate matter, (2)
diffi'active and turbulent beam spreading, (3) Iog-norrnal fading due to scintillation, (4)
a coherence bandwidth of 1010 Hz or greater, (5) a long coherence time (-1 ms), and

(6) a significant wavefront distortion, which, among other things, limits the power-col-

lecting capability of a diffraction limited receiver, la:' 184,211,312

Shapiro and Harney 313 developed an expression for the received power PR(t) in

terms of the transmitted power P.r(t) and relevant atmospheric propagation effects. Ne-

glecting the propagation delay, we have

PR(t) = Pr(t)(D_/_O?i.rZ2) E exp[- rl expl2u(t)l , (5.1)

where (D_R/_r_.Z 2) represents free space propagation loss in terms of receiver diameter
DR, transmitter beam divergence Or, and path length Z; _ is the efficiency of the opti-
cat system, 1"is the optical depth for the propagation path, and u(t) is the time-varying

aperture-averaged log-amplitude fluctuation due to turbulence. Exp[2u(t)] is, then, the
time-varying aperture-averaged irradi'tnce fluctuation at the receiver.

Eq. (5.1) disregards the effect of fluctuations in the angle-of-arrival at the receiver.
in heterodyne systems this leads to a loss in the mixing efficiency. For direct detection
schemes, the focused signal moves randomly in image plane affecting energy collection

l capabilities of the system at the detector. It has been shown that incorporation of tilt
correction techniques into the receiver system can result in improvements as high as 8
dB. 314

5.1 Scintillation

Scintillation causes fades and surges in received signal power. These fades may be
as long as 10 rns, which is long enough to wipe out an entire message packet. The
fade level F, in dB, is defined as sis

F = - 10 Iogll(t)/I.,], (5.2)

where I,, is the mean anti I(t) is the instantaneous irradiance observed. Yura and

McKinley3_s developed various results to compute the fraction of the time that a fade

exceeds some given value. For the worst case scintillation, facies exceeding 3 dB occur

l
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more than 50% of the time and fades exceeding 10 dB occur more than 10% of the

time. For more reasonable values of scintillation strength, fades exceeding 10 dB occur
_ only 1% of the time.

_J An obvious strategy to counter scintillation effects is to incorporate sufficient excess

! margin into the optical link. With this approach for an earth-space link, a margin of

! 20 dB will be necessary for the system to work properly 99.9% of the time under worst
_ case scintillation. However, this costly solution to the problem can be avoided by em-

i ploying temporal diversity. These methods include simple repetition of the message,
coding, and interleaving. If coding is used, a careful matching of coding schemes to

l the channel can provide substantial improvement in performance, a_6

5.2 Opaque Clouds

Another aspect of the problem that is not readily apparent from Eq. (5.1) is the

_ non-zero probability of opaque cloud cover. Presence of thick clouds, in general, will
have a catastrophic effect on the availability of an optical communication link. Though

, scattered la_er light is available for communication, the system has to be designed to
have (1) a wide field-of-view to collect enough power, which greatly increases the

background noise, and (2) a low data rate to avoid intersymbol interference due to

pulse spreading. Also, polarization coding of the signal cannot be used as the scattered
light is depolarized. An optical communication system designed to employ the scattered
beam, then, quickly loses its advantages over the conventional systems.

An optical space network (OSN) for optical communications can be designed to
avoid the clouds by employing spatial and temporal diversity. We need to identify sites

for the installation of optical receiver/transmitter stations where the clouds have a low
probability of occurrence. Several such sites with uncorrelated weather patterns may

need be operated simultaneously to obtain desired link availability.

._ Cloud cover exhibits a number of cycles--nocturnal, diurnal, seasonal, and long

:i range. A large number of databases, statistical studies, and computer models are avail.
_ able in the literature that describe and simulate cloud behavior. However, it is not

i_ clear how much of the information is useful or relevant to optical communications. A
t concrete view of the OSN is essential to help identify information that may be worth-

i;. while for our purposes. We discuss two representative configurations of an OSN and

! see how spatial diversity can be employed to develop robust communication links.

!! 5.2.1 Dispersed direct link i

The network may be designed to have six to nine receiving stations roughly equidis-
tant from each other, and placed around the globe near the equatorial region. The in.
terstation distance would be roughly 5000 km, and the individual sites would be chosen

- 30- _
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I ifor their high probability of clear weather. Since the characteristic scale of a weather

patlern or a climatic zone are of the order of a few hundred kilometers, the adjacent |
stations would lie in different climatic regions and thus have uncorrelated cloud cover

statistics. The described arrangement of the receiving sites would ensure that at least

three of them are able to intercept the signal at all times. It would be necessary work

out joint cloud cover statistics for two or more consecutive sites for link availability.
The probability of an outage for this configuration is low because (1) several stations

wot,ld be monitoring the signal jointly or the spacecraft would have the ability to point
to one of several stations by choosing the optimum site for cloud-free optical commu-
nication, anti (2) the stations would lie in different climatic zones and hence their !

weather patterns are unco_related. Since the receiving sites are far apart, there would
be no initial need to obtain high-resolution data on cloud cover. Later, to examine and

validate a short list of likely sites, high-resolution site-specific data would be required.
The temporal resolution of the data has to be high for short-term outage statistics to
be computed accurately. For validation purposes we would need to do a cloud-free

line-of-sight (CFLOS) and cloud-free arc (CFARC) analysis to compute outage prob-
abilities for single sites as well as jointly for two or more sites.

5.2.2 Chtstered direct link

For geophysical and/or geopolitical reasons, the OSN may consist of only three or
four locations around the globe, chosen for their optimally cloud free skies. In this

configuration, a cluster of two or more autonomous receiving stations could be built on

each location. Note that this geometry also includes the case in which a single
geosynchronous satellite, which accepts messages from other satellites, planes, and
ground stations, is linked to a single cluster of receiving stations. Let us consider an
extreme situation in which the receiving stations are only a few tens of kilometers

apart from each other at each of the selected regions. For a major portion of the time

the spacecraft can point to only one of these clusters, handing off the signal beam to
the next cluster as it rises above the horizon.

We would need to do most of the studies listed in Sec. 5.2.1 to determine the suit.

ability of sites for ground stations. However, spatial resolution on sky cover in this
case needs to be very high (about an order of magnitude better than the distance be-
tween the ground sites). "rhe stations would all be in the same climatic zone, anti

hence their weather patterns would be correlated. An ultra-high temporal resolution
may be necessary to extract meaningful statistics. The outage times when all the

: ground stations are unable to receive would happen more often anti would be of longer
duration, compared with the dispersed configuration discussed in Sec. 5.2.1 for the

i same number of receivers on ground. /
- 31 - _ i
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5.3 Weather Models and Simulations !
l

Almost all data and statistics currently available on cloud cover are not readily

atnenable to the study of optical communications through the atmosphere. The next

best thing to do is to use available weather data, which are incomplete and insuffi. !cient, as a guide to develop computer models and simulations that mimic real-time dy-

namic behavior of clouds. An early model for cloud cover was developed by scientists iat SRI International. Work at AFGL, which is based on the SRI model, has produced

considerably more sophisticated computer simulations of cloud dynamics. The com-
puter programs developed by AFGL may be used to compute cloud-free line-of-sight
(CFLOS) or cloud-free arc (CFARC) probabilities for any site. It is also possible to

compute joint CFLOS and CFARC probabilities for two or rnore sites. These statistics,
needless to say, are of great importance to the development of an OSN.

Shaik3_7 proposed a simple heuristic weather model that can be used to compute i1link availability statistics. The model can be used to predict joint probability for the ._
percentage time for which weather is such that the extinction loss through the atmos-

phere is less than some threshold for at least one of the ground stations. If (o,,(_) is the i
cumulative distribution function (CDF) giving percentage weather for n sites for which

the optical depth of tb.e atmosphere is less than or equal to 'r, then the model states
that :i

i

to,(r) = 1-{q exp[-b(r-to)l)" , (r > to), (5.3) '

where ro is an empirical constant representing the minimum possibleoptical depth of
the atmosphereassociatedwith an averageclear day, b is a site-dependentparameter
to model the slope of the CDF curve, and q is the probability of non-clear skies and is
assumed,for simplicity, to be tl. same for all sites.The probability of non-clear
skies, for example, in the southwesternUnited States is less than 0.4.318For a single
site with q = 0.4, r,, = 0.6(2.6 dB extinction loss),and b = 0.05, the probability that
the optical depth r ._ 1.0 (-4.3 dB) is toj(_ = 1) = 0.61, If there are three such inde- i

pendent and identically distributed sites, we have to3(r = 1) = 0.94. In other words, if a _,

system is designed to absorb extinction loss of 4.3 dB, a three-site receiving network

will be functional 94% of the time. However, it is not very clear how the independence
of weather patterns at various sites can be ensured. It is known, as noted earlier, that
the scale size of weather patterns is of the order of a few hundred kilometers, and this
measure may be used to find sites with uncorrelated weather. Joint observation of

weather parameters for the probable sites will be necessary to make a more accurate
determination.

J
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_ 5.4 Other Diversity Techniques

We have discussed path or site diversity in some detail in See. 5.3 because it ap- !i
pears to be one of the rnost important techniques for the design of robust optical corn.
munication links. We have also touched on temporal diversity to overcorne short-term

turbulence-induced fades. Brandinger 31L_and Engelbrecht :'2° suggested a number of
other diversity techniques. Among them are (1) frequency diversity, (2) transmitter

power diversity, and (3) transmission delay or temporary data storage diversity.

Apart from strong molecular scattering and absorption lines, the effect of the at-
mo_phere on optical frequencies does not change much over the entire range. For ex-
ample, the refractive index of the atmosphere changes by 10%, and the effect of i

changing humidity is quite small for all optical frequencies. It may be concluded that [
the use of frequency diversity cannot provide acceptable engineering gain in system de-
sign. _i

The use of transmitter power diversity can be a feasible solution to counter the loss

through the atmosphere, especially for the uplink configuration. The power output of

ground lasers may be adjusted so as to maintain a constant power level at the space- _
craft receiver. However, the transmitter configurations on spacecraft at present must
use maximurn attainable laser power, leaving little room for the use of power diversity.

Temporary storage diversity is an attractive alternative, but only when real-time op-
eration is not necessary.

6. CONCLUSIONS AND RECOMMENDATIONS

The general trend toward higher and higher frequencies and the potential
bandwidth, weight, size, and power characteristics of oplica! links make the eventual

application of optical communications inevitable. The first civil applications wil! prob-

ably be satellite crosslinks, following the example of the military. The first applications
involving atmospheric propagation will probably be space-to-ground data links. The

most promising link would use direct detection. Multiple receiver stations would be ,,i
used to ensure a high probability of cloud-free propagation. To reduce the effects of
scintillation, encoding of the signal would be employed.

Based on these conclusions, we do not recommend a large program in atmospheric i
near-Earth optical communications at NASA. However, we recommend that NASA be- |
gin to assemble the knowledge base that will allow evaluation of specific optical sys.
terns as the need arises. In particular, several investigations should be initiated now.

The first is a study of link availability based on the probability of one of several poten-
tial receiver sites having a cloud.free line of sight to a particular section of the sky.
The second is a stu:ly of the fading statistics for large direct-detection receivers in the
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turbulent atmosphere. The last is an investigation into the climatology of turbulence I
levels lhat would aid in site selection.These three areas are recommendedfor Iong- i
term, low level-of-effort of study. |
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